At hippocampal excitatory synapses, endocannabinoids (eCBs) mediate two forms of retrograde synaptic inhibition that are induced by postsynaptic depolarization or activation of metabotropic glutamate receptors (mGluRs). The homer family of molecular scaffolds provides spatial organization to regulate postsynaptic signaling cascades, including those activated by mGluRs. Expression of the homer 1a (H1a) immediate-early gene produces a short homer protein that lacks the domain required for homer oligomerization, enabling it to uncouple homer assemblies. Here, we report that H1a differentially modulates two forms of eCB-mediated synaptic plasticity, depolarization-induced suppression of excitation (DSE) and metabotropic suppression of excitation (MSE). EPSCs were recorded from cultured hippocampal neurons and DSE evoked by a 15 s depolarization to 0 mV and MSE evoked by a type I mGluR agonist. Expression of H1a enhanced DSE and inhibited MSE at the same synapse. Many physiologically important stimuli initiate H1a expression including brain-derived neurotrophic factor (BDNF). Treating hippocampal cultures with BDNF increased transcription of H1a and uncoupled homer 1c-GFP (green fluorescent protein) clusters. BDNF treatment blocked MSE and enhanced DSE. Thus, physiological changes in H1a expression gate the induction pathway for eCB-mediated synaptic plasticity by uncoupling mGluR from eCB production.
Introduction
The endocannabinoid (eCB) system is an important mediator of synaptic plasticity in the CNS. eCBs produced postsynaptically diffuse in a retrograde direction to act on presynaptic cannabinoid receptor 1 (CB 1 R) and inhibit neurotransmitter release (Lovinger, 2008) . Production of eCBs is initiated by two distinct yet related postsynaptic mechanisms: depolarization and metabotropic receptor activation. These processes induce short-term plasticity at excitatory synapses, termed depolarization-induced suppression of excitation (DSE) or metabotropic suppression of excitation (MSE) . DSE requires Ca 2ϩ influx via voltagegated Ca 2ϩ channels (VGCCs), which may be amplified by ryanodine-sensitive Ca 2ϩ stores, and subsequent Ca 2ϩ -stimulated production of 2-arachydonylglycerol (2-AG) (Isokawa and Alger, 2006) . Type I metabotropic glutamate receptors (mGluRs) produce MSE by activating phospholipase C␤ (PLC␤) to release diacylglycerol (DAG), which is hydrolyzed by DAG lipase (DGL) to 2-AG Straiker and Mackie, 2007) .
The Homer family of postsynaptic scaffolding proteins is central to synaptic development, organization, and plasticity (Worley et al., 2007) , and has been associated with neuronal disease and addiction (Szumlinski et al., 2006 (Szumlinski et al., , 2008 . Homer proteins contain an N-terminal Ena/VASP homology domain 1 (EVH1 domain) that recognizes target proteins involved in eCB signaling including the following: mGluR, PLC␤, ryanodine receptors (RyRs), and L-type VGCCs (Worley et al., 2007) . Homer proteins couple signaling molecules in the postsynaptic density (PSD) by oligomerizing through their C-terminal coiled-coil (CC) domain and cross-linking with other structural proteins in the PSD such as Shank and PSD-95 (Tu et al., 1999) . Thus, the combination of EVH1 interaction with signaling proteins and CC domain-mediated oligomerization leads to the structural and functional apposition of synaptic proteins. Three homer genes are subject to alternative splicing yielding an array of protein products (Shiraishi-Yamaguchi and Furuichi, 2007) . Expression of the short homer isoform 1a (H1a) uncouples CC-homer structures (Xiao et al., 1998) . H1a contains an EVH1 domain but lacks the CC domain, enabling it to act in a dominant-negative capacity. H1a is an immediate-early gene induced by glutamate (Sato et al., 2001 ), brain-derived neurotrophic factor (BDNF) (Kato et al., 2003) , activation of adenylyl cyclase (Kammermeier, 2008) , stimuli that induce long-term potentiation (Kato et al., 1998) , and exploratory behavior (Brakeman et al., 1997) . Indeed, the rapid induction and dominant-negative properties of H1a make it a powerful modulator of postsynaptic function.
Several studies suggest a link between Homer proteins and eCB signaling. Homer 2a (H2a) properly localized the 2-AG synthetic enzyme DGL in Neuro-2a cells (Jung et al., 2007) and mGluRs are attached to homer scaffolds. The inhibition of eCB-mediated long-term depression (LTD) by cocaine correlated with the expression of CC-homers (Fourgeaud et al., 2004) . Thus, there are intriguing hints linking homer proteins to eCB signaling but this putative relationship has not been fully examined.
Here, we tested the hypothesis that H1a regulates the induction of eCB-mediated synaptic plasticity. Our data indicate that H1a expression suppressed metabotropic-mediated whereas it enhanced depolarization-mediated eCB production. Furthermore, treatment with BDNF elevated H1a levels demonstrating a physiological mechanism to regulate eCB-mediated synaptic plasticity.
Materials and Methods
Materials. DMEM and sera were purchased from Invitrogen. BDNF was obtained from R&D Systems. Bicuculline methochloride and dihydroxyphenylglycine (DHPG) were purchased from Ascent Scientific. All other reagents were purchased from Sigma-Aldrich.
Cell culture. Rat hippocampal neurons were grown in primary culture as described previously (Pottorf et al., 2006) , 0.6 Na 2 HPO 4 , 3.0 NaHCO 3 , and 5.6 glucose. Cells were dissociated by trituration through a series of flame-narrowed Pasteur pipettes, pelleted, and resuspended in DMEM without glutamine, supplemented with 10% fetal bovine serum and penicillin/streptomycin (100 U/ml and 100 g/ ml, respectively). Dissociated cells then were plated at a density of 10,000 -15,000 cells/dish onto 25-mm-round cover glasses precoated with Matrigel (250 l; 0.1 mg/ml). Neurons were grown in a humidified atmosphere of 10% CO 2 and 90% air at 37°C, and fed on days 1 and 6 by exchange of 75% of the media with DMEM supplemented with 10% horse serum and penicillin/streptomycin. Cells used in these experiments were cultured without mitotic inhibitors for a minimum of 11 d.
EPSC recordings. CNQX (6-cyano-2,3-dihydroxy-7-nitroquinoxaline)-sensitive EPSCs were recorded using the whole-cell configuration of the patch-clamp technique (Kouznetsova et al., 2002) . Pipettes (Narishige) with open resistances of 3-5 M⍀ were filled with solution that contained the following (in mM): 120 K-gluconate, 15 KCl, 6 MgCl 2 , 0.2 EGTA, 10 HEPES, 5 Na 2 ATP, pH 7.3 with KOH, 290 mOsm/kg for DSE recordings or 113 K-gluconate, 15 KCl, 6 MgCl 2 , 10 BAPTA, 10 HEPES, 5 Na 2 ATP, 6.85 CaCl 2 , pH 7.3 (KOH), 290 mOsm for MSE experiments. Recordings were performed at room temperature (22°C) in an extracellular solution that contained the following (in mM): 140 NaCl, 5 KCl, 9 CaCl 2 , 6 MgCl 2 , 5 glucose, 10 HEPES, 0.01 bicuculline methochloride, 0.5% BSA, pH 7.4 with NaOH, 325 mOsm/kg. Solutions were applied by a gravity-fed superfusion system. Membrane potential was held at Ϫ70 mV and monosynaptic EPSCs evoked with a bipolar platinum electrode (FHC) placed near a presynaptic neuron. Voltage pulses (0.1 ms) were applied at a fixed rate of 0.5 Hz using a Grass S44 stimulator with a SIU-5 stimulus isolation unit (Astro-Med). DSE was elicited by depolarizing the postsynaptic cell to 0 mV for 15 s followed by continued recording at 0.5 Hz. MSE was induced by superfusion of 1 M DHPG.
I Ca recordings. Whole-cell recordings of currents through VGCCs were performed using pipettes filled with the following (in mM): 145 CsMeSO 4 , 10 HEPES, 10 BAPTA, 5 MgATP, 1 Na 2 GTP, pH 7.35 with CsOH, 315 mOsm/kg. Seals were formed in the following: 140 NaCl, 5 KCl, 9 CaCl 2 , 6 MgCl 2 , 5 glucose, 10 HEPES, pH 7.4 with NaOH, 325 mOsm/kg, and then switched to buffer to isolate I Ca that contained the following (in mM): 143 tetraethylammonium (TEA)-Cl, 5 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 glucose, 0.1% bovine serum albumin, pH 7.4 with TEA-OH, 325 mOsm/kg. Series resistance was compensated by a minimum of 75%. Membrane potential was held at Ϫ80 mV and currents evoked by stepping to 0 mV for 200 ms every 10 s (0.1 Hz). Recordings were not corrected for leak as there was essentially no current at the 0 mV test potential in the presence of 200 M Cd 2ϩ . Data acquisition and analysis. Whole-cell currents were amplified using an Axopatch 200A. For EPSC and I Ca recordings, data were filtered at 2 and 1 kHz and digitized at 11 and 5 kHz with a Digidata interface controlled by pClamp software (MDS Analytical Technologies), respectively. Access resistance and leak currents were monitored continuously, and the recording excluded if either changed significantly. In EPSC experiments, sweeps preceded or followed by spontaneous synaptic currents were excluded from analysis. To calculate percentage inhibition of EPSC and I Ca amplitudes, the mean peak current from the sweeps collected during the 1 min preceding drug application was compared with the average peak current during the final minute of drug treatment, the time at which inhibition was maximal.
DNA constructs and transfection. The coding regions for Homer 1a and 1c were amplified by PCR from the Marathon-Ready mouse brain cDNA library (Clontech) using the 5Ј-primer ATGGGGGAGCAACCTATCT-TCAGC and 3Ј-primer TTACTTAATCATGATTGCTGAATTG combination for Homer 1a, and the 5Ј-primer ATGGGGGAGCAACCTATCTTCAGC and 3Ј-primer TTAGCTGCATTCCAGTAGCTTGGC combination for Homer 1c. PCR products were subsequently cloned into the pcDNA3.1/V5-His-TOPO vector or the pcDNA3.1/NT-GFP-TOPO vector (Invitrogen) according to manufacturer's specifications. Homer2a was amplified from human cDNA with an additional N-terminal c-myc tag using the 5Ј-primer ACAAGCTTATGGAACAAAAACTTATTTCTGAAGAAGATCTGGG-AGAACAGCCCATCTT and 3Ј-primer CGGCCGCCTAGTTATCGGT-GCCCAGCT. PCR products were subsequently cloned into pcDNA3.1 vector via the 5Ј-HindIII and 3Ј-NotI restriction digest sites. Similarly, Homer3a was PCR amplified from mouse cDNA and cloned into pcDNA3.1 using the 5Ј-primer ACAAGCTTATGGAACAAAAACTTATTTCTG-AAGAAGATCTGTCCACAGCCAGGAACA and 3Ј-primer GCGGCCGC-CTAGGGTGCTGCCTCTGCCA.AllconstructswerepropagatedinEscherichia coli Top-10 strain (Invitrogen), isolated using Maxiprep kits (QIAGEN), and sequenced.
Hippocampal neurons were transfected with plasmid DNA using the calcium phosphate procedure described by Xia et al. (1996) , with some modifications. Briefly, 9 -11 d after plating, hippocampal neurons were placed in serum-free DMEM (1 ml per dish) supplemented with 1 mM sodium kynurenate, 10 mM MgCl 2 , and 5 mM HEPES, pH 7.5 for 30 min. The conditioned media was saved. A DNA/calcium phosphate precipitate was prepared by mixing 3.8 l of 2 M CaCl 2 , 1 g of DNA per plasmid and dH 2 O in a volume of 30 l with an equal volume of 2ϫ HEPESbuffered saline (274 mM NaCl, 10 mM KCl, 1.4 mM Na 2 HPO 4 , 15 mM D-glucose, 42 mM HEPES, pH 7.05). The precipitate was allowed to form for 30 min at room temperature (22°C) before addition to the cultures. Sixty microliters of the DNA/calcium phosphate precipitate were added dropwise to each dish. Dishes were returned to the 10% CO 2 incubator. After 1.5 h, the incubation was stopped by washing the cells three times with 3 ml per well of DMEM (10 mM MgCl 2 , 5 mM HEPES). The saved conditioned medium was added back to each well, and the cells were returned to a 10% CO 2 incubator at 37°C. The transfection efficiency ranged from 2 to 11%.
Quantitative real-time reverse transcription-PCR experiments. RNA was extracted from hippocampal cultures using an RNA isolation kit (Stratagene). Quantitative real-time reverse transcription-PCR (Q-RT-PCR) was performed on 100 ng of isolated RNA using a SYBR Green Q-RT-PCR kit (Stratagene). Homer 1a primers (5Ј-CAAACACTGTTTATGGACTG-3Ј and 5Ј-TGCTGAATTGAATGTGTACC-3Ј) were designed against the unique 3Ј mRNA end of homer 1a, not present in the long-splice isoforms of homer (i.e., homer 1c). In addition to using equal amounts of total RNA as defined by UV spectroscopy, we also included an internal reference control [glyceraldehyde-3-phosphate dehydrogenase (GAPDH)] to account for the integrity of mRNA. QuantiTect primers (QIAGEN) were used for amplification of GAPDH mRNA. PCR cycling and detection was performed on a Mx3005P PCR system, and quantitative analysis was performed with MxPro-Mx3005P software, version 4.01 (Stratagene).
Confocal microscopy. Forty-eight to 72 h after transfection with expression vectors for DsRed2 and Homer 1c fused to green fluorescent protein (H1c-GFP) (Inoue et al., 2007) , the Petri dish with cells was sealed with Parafilm and imaged with an Olympus Fluoview 300 laser-scanning confocal microscope attached to an inverted Olympus IX70 microscope equipped with a PlanApo 60ϫ oil-immersion objective (numerical aperture, 1.40). For all experiments, an eight step (1 m/step) z-series was performed. GFP was excited at 488 nm with an argon laser and imaged at at 546 nm with a He-Ne laser and imaged at 605 nm (75 nm bandpass). Cells were returned to the incubator immediately after imaging.
Image processing. To count and label homer 1c-GFP puncta, an automated algorithm was created using MetaMorph 6.2 image processing software (Waataja et al., 2008) . First, maximum z-projection images were created from the DsRed2 and GFP image stacks. Next, a threshold set 1 SD above the image mean was applied to the DsRed2 image. This created a 1 bit image that was used as a mask via a logical AND function with the GFP maximum z-projection. A top-hat filter (80 pixels) was applied to the masked H1c-GFP image. A threshold set 1.5 SD above the mean intensity inside the mask was then applied to the contrast enhanced image. Structures between 8 and 80 pixels (ϳ0.37-3.12 m in diameter) were counted as puncta. The structures were then dilated and superimposed on the DsRed2 maximum z-projection for visualization. Changes in the number of H1c-GFP puncta were presented as a percentage of the initial puncta count from the entire cell; n was the number of cells, each from a separate cover glass.
All data are presented as mean Ϯ SE. Significance was determined using Student's t test or ANOVA with Bonferroni's post test for multiple comparisons.
Results
eCBs modulate synaptic strength after postsynaptic synthesis and retrograde diffusion to act on presynaptic CB 1 Rs. In hippocampus, 2-AG synthesis can be induced by activation of type I mGluRs that couple to the PLC␤ cascade or by activation of VGCCs Straiker and Mackie, 2007) . Elements of this pathway interact with members of the homer family of molecular scaffolds (Nakamura et al., 2004; Hwang et al., 2005) . However, the level of homer interaction with the eCB pathway induced by either mGluRs or VGCCs is mostly unknown. Here, we examined the role of homer proteins in regulating 2-AG production at excitatory synapses between hippocampal neurons in culture. Synaptic currents were recorded from a postsynaptic neuron held at Ϫ70 mV using the whole-cell configuration of the patchclamp technique. EPSCs were evoked by stimulation of the presynaptic neuron with an extracellular electrode (0.5 Hz). MSE was induced by superfusion of the type I mGluR agonist DHPG, and DSE was evoked by a 15 s test pulse to 0 mV.
H1a inhibits MSE
Activation of postsynaptic mGluRs stimulates the PLC␤ cascade producing 2-AG that inhibits EPSCs by activating presynaptic CB 1 Rs (Fig. 1A) . Application of 1 M DHPG for 2 min inhibited EPSCs by 51 Ϯ 4% (n ϭ 12) (Fig. 1B,F) . DHPG-mediated inhibition was blocked completely by preincubation with the
phenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) (300 nM; n ϭ 3). Transfection of neurons with an expression construct for H1a resulted in a significant loss of DHPG-mediated inhibition to 12 Ϯ 10% (Fig. 1C,F) (n ϭ 4; p Ͻ 0.001). H1a, which lacks the C-terminal CC domain present in full-length members of the homer family (Fig. 1A, inset) , is expected to uncouple type 1 mGluR from other homer binding proteins (Xiao et al., 1998) . The naive synaptic network that forms in hippocampal cultures lacks significant eCB tone, as indicated by the failure of 300 nM AM251 to affect EPSC amplitude (n ϭ 3). Similarly, 300 nM AM251 failed to affect EPSC amplitude in H1a-expressing cells (n ϭ 3), indicating that an increase in eCB tone was not occluding a response to DHPG. In con- trast to H1a expression, expression of H2a, which contains the CC domain, did not change DHPG-mediated inhibition (50 Ϯ 5%) (Fig. 1D,F) (n ϭ 3) . Interestingly, expression of Homer 3a (H3a), which, like H2a, has both binding domains, also attenuated DHPGmediated inhibition of EPSCs to 10 Ϯ 8% (Fig. 1E,F) ( p Ͻ 0.001). Thus, H1a and H3a expression interfere with mGluR-mediated eCB production machinery, whereas H2a does not.
H1a enhances DSE
Depolarization of hippocampal neurons evokes postsynaptic Ca 2ϩ influx via VGCCs that induces eCB synthesis (Fig. 2 A (Fig. 2 B, F ) (n ϭ 16). DSE was completely blocked by pretreatment with 300 nM AM251 (n ϭ 3). Unexpectedly, expression of H1a increased the maximal depolarization-induced inhibition of EPSCs to 64 Ϯ 7% (Fig. 2C,F ) (n ϭ 8; p Ͻ 0.01). Thus, H1a elicited an effect on DSE opposite to that observed for MSE, consistent with the idea that MSE requires a specific spatial configuration of the PLC␤ signaling cascade (Fig.  1 A) and that DSE is actually inhibited by long forms of homer (Fig. 2 A) . In H1a-expressing cells, DSE was completely blocked by 300 nM AM251 (n ϭ 3), indicating that retrograde eCB signaling still mediated the synaptic depression. In neurons expressing H2a and H3a, DSE behaved similar to MSE with respective inhibition of 43 Ϯ 8% (Fig. 2 D, F ) (n ϭ 5) and 23 Ϯ 4% (Fig. 2 E, F ) (n ϭ 4; p Ͻ 0.01). We considered the possibility that H1a expression may be enhancing DSE through increased Ca 2ϩ influx via L-type VGCCs in the postsynaptic neuron (Yamamoto et al., 2005) . However, the fraction of Ca 2ϩ current inhibited by 10 M nimodipine was not significantly different in naive relative to H1a-expressing cells (42 Ϯ 3 and 38 Ϯ 6%, respectively; n ϭ 5) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), suggesting that H1a-mediated enhancement of DSE occurs downstream from the VGCC. Overall, H1a expression enhanced DSE in contrast to its marked inhibition of MSE.
H1a expression lowers the threshold for DSE
The H1a-mediated enhancement of DSE suggests that H1a may lower the threshold to mobilize eCBs. To test this hypothesis, we conducted DSE experiments using a relatively brief (5 s) depolarization of the postsynaptic neuron and compared the frequency and magnitude of DSE elicited from both naive and H1a-expressing cells (Fig. 3) . Naive neurons responded sporadically to brief depolarization inhibiting EPSC amplitude in 7 of 11 trials. Naive neurons that did not display DSE had an average inhibition of Ϫ2 Ϯ 4% from pre-depolarization levels ( Fig. 3C ) (Naive Ϫ; n ϭ 4), whereas responsive neurons exhibited DSE of 26 Ϯ 8% (Fig. 3A,C) (Naive ϩ; n ϭ 7). DSE elicited in H1a-expressing neurons was successful in five of five trials and led to an inhibition of 54 Ϯ 4% (Fig.  3B,C) (n ϭ 5; p Ͻ 0.05). Thus, the threshold stimulus required to evoke DSE was lowered in H1a-expressing neurons, suggesting that H1a enhances eCB signaling. 
H1a overexpression enhances DSE while suppressing MSE in the same neuron
The hypothesis that H1a enhances depolarization-induced, while suppressing mGluR-induced, production of eCBs, suggests a critical role for H1a in eCB-mediated plasticity. Thus, DSE and MSE were compared in series to verify that the H1a-induced shift in eCB signaling occurs in the same neuron. Combination experiments on naive cells yielded DSE of 42 Ϯ 4% with a corresponding MSE of 38 Ϯ 8% (Fig. 4 A, C) (n ϭ 8) . Consistent with our hypothesis, similar experiments in H1a-expressing cells displayed enhancement of DSE and almost complete inhibition of MSE (Fig. 4 B, C) . EPSCs evoked from H1a-expressing cells were inhibited by 64 Ϯ 13% after postsynaptic depolarization, but subsequent treatment with 1 M DHPG produced only 8 Ϯ 6% inhibition (n ϭ 4; p Ͻ 0.05). Thus, H1a appears capable of switching the induction mechanism for eCB signaling.
BDNF treatment increases expression of H1a, enhances DSE, and inhibits MSE
We next addressed the question of whether H1a-mediated changes in eCB signaling could be observed under more physiologically relevant conditions than those used in the preceding studies in which homer proteins were overexpressed. A number of stimuli increase H1a expression including BDNF (Worley et al., 2007) . Indeed, BDNF increases the expression of H1a in hippocampal neurons and disperses puncta formed from homer 1c (H1c) assemblies (Sato et al., 2001; Inoue et al., 2004 Inoue et al., , 2007 . In our experiments, treating hippocampal cultures with 100 ng/ml BDNF for 4 h enhanced transcription of H1a mRNA. Quantitative RT-PCR using H1a and GAPDH-specific primers revealed a 32 Ϯ 9-fold induction of H1a mRNA (Fig. 5A ) compared with no effect on the level of GAPDH mRNA (1.0 Ϯ 0.1-fold; n ϭ 3; p Ͻ 0.001). To determine whether BDNF stimulation of H1a mRNA leads to functional expression of the protein, we examined the dispersement of H1c puncta using confocal imaging (Fig. 5B) . Hippocampal cultures were cotransfected with expression vectors for DsRed2 and H1c-GFP. Cells were imaged 48 -72 h after transfection using confocal imaging to identify H1c-GFP puncta (Fig. 5B) . The number of fluorescent puncta was objectively counted using image processing as described in Materials and Methods. Cultures were treated with BDNF or vehicle (control) and the same cell imaged again after 4 h. Control cells showed a 6 Ϯ 10% increase in the number of H1c-GFP puncta (Fig. 5B ) (n ϭ 6). In contrast, cells treated with BDNF for 4 h showed a 30 Ϯ 9% loss in puncta (Fig. 5B ) (n ϭ 7; p Ͻ 0.05). These results confirm that BDNF treatment increases H1a transcription/ translation leading to the functional uncoupling of H1c-GFP assemblies.
To test whether treatment with BDNF shifts the balance between DSE and MSE, cells were treated for 4 h with 100 ng/ml BDNF and then examined in synaptic transmission experiments. After treatment with BDNF, depolarization led to a 59 Ϯ 7% inhibition, which is significantly greater than naive controls (Fig.  6 A, C) (n ϭ 6; p Ͻ 0.05) and similar to that seen in H1a-transfected neurons ( p ϭ 0.62). BDNF attenuated MSE produced by 1 M DHPG to 16 Ϯ 13%, which is significantly reduced relative to naive controls (Fig. 6 B, C) (n ϭ 5; p Ͻ 0.01) yet similar to the effects observed in H1a-expressing cells ( p ϭ 0.82). These data suggest that BDNF induced H1a expression that led to changes in eCB-mediated synaptic plasticity.
Discussion
Homer proteins act as molecular scaffolds in the PSD to organize signaling cascades for effective receptor activation of downstream . BDNF induces expression of H1a mRNA and disperses H1c-GFP puncta. A, Hippocampal cultures were treated for 4 h with 100 ng/ml BDNF or vehicle control before RNA isolation and amplification by RT-PCR. Shown is gel electrophoresis of representative PCR products amplified by quantitative RT-PCR from control (C) and BDNF (B)-treated cultures. Positive controls of 1 ng of purified H1a-pcDNA3.1 plasmid (H1a), and negative controls of 1 ng of purified H1c-pcDNA3.1 plasmid (H1c), no template (ϪT), and no reverse transcriptase added to BDNF RNA (ϪRT). B, Representative confocal images show hippocampal neurons expressing H1c-GFP and DsRed2 before (0 h) and after (4 h) treatment with vehicle (Control) or BDNF. Processed images (top) display H1c-GFP puncta (yellow) counted using the algorithm described in Materials and Methods superimposed on the DsRed2 fluorescence image (red). Puncta counts were determined for the entire cell. Insets display the magnified image of the boxed area for unprocessed H1c-GFP image (middle) and the processed H1c-GFP/DsRed2 image (bottom). Scale bars, 10 m.
signaling. In the current study, we show that expression of H1a, a short isoform that disrupts homer scaffolds, modulates eCBmediated plasticity at glutamatergic synapses in hippocampal cultures. Expression of H1a lowered the stimulus threshold to evoke and enhanced the magnitude of DSE while inhibiting MSE. Treatment with BDNF enhanced the transcription of H1a mRNA and dispersed H1c-GFP puncta indicating expression of H1a protein and uncoupling of CC-homer assemblies. Furthermore, BDNF produced a shift toward depolarization-mediated eCB production similar to that seen when H1a was expressed. These results demonstrate that regulated expression of homer proteins provides a mechanism by which the balance between metabotropic and depolarization-induced eCB signaling may be spatially and temporally controlled.
Opposite effects of H1a on DSE versus MSE
H1a acts as a dominant-negative inhibitor of homer scaffolds by binding to target proteins via its EVH1 domain but, because it lacks a CC domain, fails to oligomerize with other homer proteins. Components of the eCB signaling pathway, including mGluR1a, mGluR5, PLC␤, and DGL, all bind homer EVH1 domains (Jung et al., 2007; Shiraishi-Yamaguchi and Furuichi, 2007) . H1a binding to type 1 mGluRs will induce constitutive, ligand-independent activation of the receptor (Ango et al., 2001) . eCB tone was not elevated in H1a-expressing cells as indicated by a lack of effect of AM251 on EPSC amplitude. Furthermore, if tonic mGluR activation occluded MSE, we would have expected DSE to be inhibited as well, which was not the case. Ligandindependent activation could lead to desensitization of mGluRs uncoupling the receptors from downstream effectors. Thus, the most likely explanation for the H1a-mediated inhibition of MSE described here is an uncoupling of the type 1 mGluRs from downstream enzymes responsible for 2-AG synthesis as a result of either receptor desensitization or disruption of the homer scaffold. A previous report outlined a critical interaction between DGL and H2a (Jung et al., 2007) . Linkage through a PPxxF domain on DGL was required for effective mGluR-mediated 2-AG production but had no effect on enzymatic activity. These data are consistent with the lack of effect of H2a expression on both DSE and MSE observed in our studies. Presumably, endogenous long isoforms of homer maintain the molecular assembly required for MSE but are not limiting, consistent with the expression of H1b/c, H2a/b, and H3a/b in hippocampal neurons (Shiraishi et al., 2004) . This reasoning would suggest that increased expression of long homer proteins should not affect MSE, but surprisingly H3a expression effectively blocked MSE.
Expression of H3a also attenuated DSE, suggesting a less selective interaction than that produced by H1a. Although the overall domain composition is shared between H3a and H2a, these proteins exhibit notable differences in their amino acid sequences. Although their EVH1 domains are strongly conserved with 80% sequence identity, the CC domains vary substantially and exhibit Ͻ30% identity. These differences are likely to produce unique preferences for interacting with various binding partners and/or regulation by posttranslational modification, ultimately resulting in the distinct effects of the two proteins. For instance, H3a, but not H2a, was found to contain a CaMKII phosphorylation site that selectively uncouples mGluR-homer-IP3R complexes (Mizutani et al., 2008) . This may explain the apparent loss of MSE after H3a expression; however, other CChomers have this same site, and thus its role in eCB signaling is unclear.
H1a expression enhanced DSE. Thus, H1a expression does not grossly impair the 2-AG synthetic machinery. We suggest that DSE is less dependent on close apposition of VGCCs to PCL␤ and DGL relative to the more constrained organization required for MSE. Because infusion of H1a into neocortical pyramidal cells upregulated L-type VGCCs (Yamamoto et al., 2005) (Isokawa and Alger, 2006) . CC-homer proteins bind to and inhibit RyR function and their inhibition is reversed dose dependently by H1a Westhoff et al., 2003) . Thus, it is possible that H1a reduces this inhibition resulting in enhanced Ca 2ϩ release from intracellular stores and more efficient DSE. Alternatively, DSE is independent of PLC␤ and Ca 2ϩ stores in cerebellum (Brenowitz et al., 2006) , and experiments with DGL inhibitors have yielded mixed results (Chiu and Castillo, 2008; Tanimura et al., 2009 ). Thus, depolarization and metabotropic receptor activation may produce eCBs by different pathways. Overall, our results demonstrate that MSE is more sensitive to H1a-induced uncoupling of homer scaffolds relative to DSE; thus, H1a can gate the induction mechanism for eCB production.
Physiological consequences of H1a-regulated induction of eCB production
The respective roles of DSE and MSE in synaptic transmission provide insight into how H1a modulation of eCB production might influence neuronal function. DSE will tend to evoke 2-AG release from the entire dendritic arbor, whereas mGluRmediated MSE is expected to be input specific (Brenowitz et al., 2006) . Thus, H1a expression might potentiate the homeostatic plasticity that accompanies intense stimulation. Indeed, H1a is upregulated during epileptic activity (Kato et al., 1998) and the eCB system is thought to provide an on-demand neuroprotection from excitotoxicity (Shen and Thayer, 1998; Marsicano et al., 2003) . Clearly, this safety mechanism provides a critical defense against aberrant synaptic activity and should not be switched off. Conversely, modulating the strength of individual synapses is thought to underlie learning and memory. Indeed, H1a expression is required for consolidation of long-term fear memories (Inoue et al., 2009 ) and H1a enters synaptic spines in an activity-dependent manner (Okada et al., 2009) . Perhaps H1a-mediated uncoupling of mGluR-mediated MSE contributes to synaptic strengthening. Increased expression of H1a lowered the stimulus threshold required to evoke DSE, suggesting that H1a-mediated increases in DSE might enhance on-demand neuroprotection at the expense of single synapse plasticity. The effects of viral-mediated overexpression of various homer isoforms in the hippocampus on cognitive performance and status epilepticus are consistent with this idea (Klugmann et al., 2005) . H1a overexpression led to learning deficits, but increased resistance to status epilepticus, whereas H1c and H1g enhanced cognitive performance, but had no effect on status epilepticus. Thus, our results demonstrating differential effects of homer long and short forms on eCB plasticity parallel complex effects observed after expression of the various isoforms in vivo. mGluR activation has been strongly linked to changes in plasticity and behavior in part, through modulation of eCB signaling (Bortolotto et al., 1995; Diagana et al., 2002; Bellone et al., 2008) . Homer proteins have also been studied in behavioral experiments. Deletion of homer genes impairs behavioral plasticity in Drosophila (Diagana et al., 2002) and mimics behaviors associated with cocaine induction and withdrawal in mice (Swanson et al., 2001; Szumlinski et al., 2004) . Inhibition of eCB-mediated LTD in the nucleus accumbens after administration of cocaine was accompanied by expression of CC-homers (Fourgeaud et al., 2004) . Thus, homer proteins are intimately linked to behavioral plasticity, particularly that induced by drugs of abuse, and the effects of homer proteins on the induction of the eCB system may play an integral role in behavioral modification.
Both homer proteins and eCBs participate in the remodeling of synaptic networks (Ehrengruber et al., 2004; Foa and Gasperini, 2009 ). H1a affects postsynaptic structures including those associated with H1c (Inoue et al., 2004) and inhibits spine morphogenesis (Sala et al., 2003) . H1a is an immediate-early gene induced by several pharmacologic and activity-related stimuli (Worley et al., 2007) including BDNF, which robustly activates H1a transcription (Sato et al., 2001) . We found that BDNF increased H1a mRNA and uncoupled H1c puncta found in dendritic structures. H1a induction led to enhanced DSE at the expense of MSE. BDNF plays a critical role in synaptic development, changes in synaptic strength, and the induction and adaptation to seizures (Kuczewski et al., 2009) . eCBs also participate in these processes (Monory et al., 2006; Lovinger, 2008) . Thus, it is reasonable to speculate that BDNF-induced, homer-mediated changes in eCB signaling contribute to dynamic changes in synaptic networks.
The H1a-mediated switch in eCB signaling may play a potentially important role in the synaptic changes that accompany drug dependence (Fourgeaud et al., 2004; Szumlinski et al., 2008) , seizure disorders (Potschka et al., 2002; Marsicano et al., 2003) , and learning (Heifets and Castillo, 2009; Inoue et al., 2009 ). This mechanism may also display regional or developmental changes. Although hippocampal neurons in culture are an established model for studying eCB signaling (Ohno-Shosaku et al., 2001; Straiker and Mackie, 2005; Roloff and Thayer, 2009 ) and have also been used to characterize the function of homer proteins (Sala et al., 2003; Kammermeier, 2008) , in vivo studies that extend the cellular studies described here will be of considerable interest.
Conclusion
We have shown that the postsynaptic compliment of homer proteins has profound effects on both depolarization-mediated and mGluR-mediated eCB signaling. Homer-regulated changes in PSD structure provide a point of cross talk at which the diverse signals that regulate homer immediate-early gene expression can influence eCB-mediated changes in synaptic plasticity.
